In eukaryotes, each subcellular compartment harbors a specific group of proteins that must accomplish specific tasks. Nfs1 is a highly conserved mitochondrial cysteine desulfurase that participates in iron-sulfur cluster assembly as a sulfur donor. Previous genetic studies, in Saccharomyces cerevisiae, have suggested that this protein distributes between the mitochondria and the nucleus with biochemically undetectable amounts in the nucleus (termed "eclipsed distribution"). Here, we provide direct evidence for Nfs1 nuclear localization (in addition to mitochondria) using both ␣-complementation and subcellular fractionation. We also demonstrate that mitochondrial and nuclear Nfs1 are derived from a single translation product. Our data suggest that the Nfs1 distribution mechanism involves at least partial entry of the Nfs1 precursor into mitochondria, and then retrieval of a minor subpopulation (probably by reverse translocation) into the cytosol and then the nucleus. To further elucidate the mechanism of Nfs1 distribution we determined the N-terminal mitochondrial sequence of Nfs1 by Edman degradation. This led to the discovery of a novel mitochondrial processing enzyme, Icp55. This enzyme removes three amino acids from the N terminus of Nfs1 after cleavage by mitochondrial processing peptidase. Intriguingly, Icp55 protease (like its substrate Nfs1) appears to be dual distributed between the nucleus and mitochondria.
Eclipsed distribution is a specific case of the dual protein subcellular localization in which one compartment contains the vast majority of a specific protein while a second compartment contains only a minute (eclipsed) amount (1-3). Therefore, eclipsed distributed proteins are hard to detect, and it is hard to discriminate between the specific functions of each isoprotein. For example, aconitase, a well characterized mitochondrial protein that participates in the tricarboxylic acid cycle, has been recently shown to be present in minute amounts in the cytosol, where it is crucial for the function of the glyoxylate shunt (2, 3).
The protein NifS was first identified and characterized in
Azotobacter vinelandii, as part of the nitrogen fixation (nif) operon (4) . This enzyme is a pyridoxal 5Ј-phosphate-dependent cysteine desulfurase. In eukaryotes, an NifS-like protein termed Nfs1 has been identified, which shows a highly conserved sequence homology. The Saccharomyces cerevisiae mitochondrial Nfs1 has been shown to participate in iron-sulfur cluster assembly (5). Nakai and coworkers identified an NLS 5 -like sequence, RRRPR, in the mature sequence of yeast Nfs1, that is highly conserved in eukaryotic Nfs1 proteins (e.g. in yeast, mouse, and human) (6) . When this NLS-like sequence was mutated to RRGSR, the mutant gene could not complement cell growth of a chromosomal NFS1-depleted strain. Nevertheless, this mutation did not affect the function of Nfs1 in the biogenesis of iron-sulfur proteins (5, 6) . Nfs1 performs an additional function in the post-transcriptional modification of mitochondrial and cytosolic tRNAs (7) . However, recent evidence suggests that nuclear Nfs1 does not serve as the sulfur donor for cytosolic tRNAs (8) .
In S. cerevisiae and in human cells, Nfs1 cysteine desulfurases are encoded by single genes. The sorting mechanism that governs the simultaneous distribution of this protein into several subcellular compartments is unknown. In yeast, attempts to detect the endogenous Nfs1 in the nucleus by immunoblotting or immunofluorescence failed (6, 9, 10) most probably because Nfs1 is present at extremely low (eclipsed) levels in the nucleus. In human cells, the subcellular distribution of transiently expressed Nfs1 in mitochondria, cytosol, and nucleus was claimed to be achieved by alternative translation initiation from a single transcript (11) . As described for yeast Nfs1, the low native amounts of extramitochondrial mammalian Nfs1 hampered its physical detection in the nucleus (5, 10, 12) .
In this study, we characterized the processing pathway of yeast Nfs1 during its translocation into the mitochondrial matrix. To our surprise, we discovered that yeast Nfs1 undergoes two steps of proteolytic processing; first it is cleaved by the mitochondrial processing peptidase (MPP), which removes its mitochondrial targeting sequence (MTS) and then it is cleaved by a newly discovered peptidase, designated Icp55, which removes three amino acids from its N terminus. In addition, we used an ␣-complementation assay to detect the nuclear localization of Nfs1, and we provide evidence that the mitochondrial and nuclear Nfs1 isoforms are derived from a single translation product.
EXPERIMENTAL PROCEDURES

Strains, Plasmids, and Growth Conditions
Strains-S. cerevisiae strains used were BY4741 (Mata; his3⌬1; leu2⌬0; met15⌬0; ura 3⌬0), W303B1 (Mat␣; leu2-3,112; trp1-1; can1-100; ura3-1; ade2-1; his3-11,15), ⌬icp55 (⌬yer078c; derived from a W303B1 strain and was kindly provided by Thomas Langer (13)), and Tet-NFS1 (pNFS1:: kanR-tet07-TATA URA3::CMV-tTA; MATa; his3-1; leu2-0; met15-0) (14) .
Plasmids Constructs-NFS1 gene was amplified using yeast genomic DNA as template by PCR using the indicated oligonucleotides (Table 1 ) and was cloned into vector p425Gal10 (15) . All mutations were created using the QuikChange II kit (Stratagene) or PCR reactions using either the indicated oligonucleotides (Table 1 ). Nfs1-␣ was created as was described elsewhere (16) pHxK-␣, pKGD 2 -␣, cytosolic (p c ), and mitochondrial (p m ) were also described elsewhere (16) . Nuclear (p NLS )-LacZ fragment was amplified from pc template using the indicated primers (Table 1) ; the reverse primer harbors the SV40-T antigen NLS (17) , and the PCR product was cloned into pRS426-Met25 vector.
Growth Conditions-Strains harboring the appropriate plasmids were grown overnight at 30°C in synthetic depleted (SD) medium containing 0.67% (w/v) yeast nitrogen base 2% galactose or 2% glucose (w/v), supplemented with the appropriate amino acids (50 g/ml). For agar plates, 2% agar was added and when indicated 0.08% X-gal was added, dissolved in 100% N,Ndimethylformamide and phosphate buffer (25 mM sodium phosphate buffer titrated to pH 7.0). Plates containing 2% yeast extract, 1% peptone, and 2% glucose (w/v) (YPD) supplemented with 120 g/ml tetracycline where used for conditional knockout of Nfs1 for the Tet-NFS1 strain.
Metabolic Labeling
Cultures or induced cultures (in galactose) were harvested and labeled with 10 Ci/ml [ 35 S]methionine and further incubated for 30 min at 30°C. When required, 20 M carbonyl cyanide m-chlorophenylhydrazone (CCCP) was added before labeling. Labeling was stopped by addition of 10 mM sodium azide. Labeled cells were collected by centrifugation, resuspended in Tris/EDTA buffer, pH 8.0, containing 1 mM phenylmethylsulfonyl fluoride, broken with glass beads for 5 min, and centrifuged to obtain the supernatant fraction. Supernatants were denatured by boiling in 1% SDS, immunoprecipitated with anti-Nfs1 or anti-␣ rabbit antiserum and protein A-Sepharose (Amersham Biosciences), and then analyzed by SDS-PAGE.
Subcellular Fractionation
Induced yeast cultures were grown to an absorbance (A) of 1.5 at 600 nm. Mitochondria were isolated as described previously (18) . Spheroplasts were prepared in the presence of Zymolyase-20T (MP Biomedicals, Irvine, CA). Each of our subcellular fractionation experiments was assayed for cross-contaminations by using anti-Aco1 antibody as a mitochondrial 
For two-step PCR procedure Nfs1-mutNLS marker and anti-hexokinase 1 (anti-HxK1) antibody as a cytosolic marker. For isolation of nucleus, 200 ml of induced yeast culture was grown to 1.5 A at 600 nm. Cells were centrifuged at 5000 ϫ g for 6 min and washed with phosphate-citrate buffer (pH ϭ 6.5). Cells were digested to spheroplasts by Zymolyase-20T (MP Biomedicals, Irvine, CA). Spheroplasts were then precipitated at 1200 ϫ g for 5min and resuspended in lysis buffer (50 mM EDTA, 50 mM Tris-HCl, pH 7.6, 1% Triton X-100). Cells debris were centrifuged at 200 ϫ g for 10 min at 4°C, twice. Total sample was taken before nucleus precipitation. Nuclei were precipitated at 1500 ϫ g for 20 min and then washed in the lysis buffer without Triton X-100. Nuclei were lysed with a high salts concentration buffer (20 mM Hepes, pH 7.6, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride). Samples were centrifuged at 14,000 ϫ g for 20 min to remove nucleus debris and DNA. Total and nuclear fractions were assayed with anti-histone H4 antibody, which was kindly provided by Amikam Cohen (Hebrew University of Jerusalem).
␣-Complementation Assay
Yeast cells were transformed with plasmids encoding various ␣ fusion proteins and with p c , p m , or p NLS . Colonies were streaked on X-gal plates and incubated at 30°C for 72 h.
Protein Purification for Edman Degradation
Induced yeast cultures were grown to 1.5 A at 600 nm. Cells were lysed with glass beads in Buffer A (6 M guanidine hydrochloride, 0.1 M NaH 2 PO 4 , 10 mM Tris, pH adjust to 8 with NaOH). Purification proceeded according to Qiagen protocol of nickel-nitrilotriacetic acid-Sepharose (Qiagen). Purification quality was assessed with Coomassie Blue SDS-PAGE staining. The purified protein was subjected to an Edman degradation analysis.
RESULTS
Nfs1 Is Processed by Two Peptidases, MPP and the Novel Icp55-
Nfs1 is a highly conserved mitochondrial cysteine desulfurase in all organisms. In S. cerevisiae and in other eukaryotes the protein harbors a typical N-terminal MTS and is localized to the mitochondria. As outlined in the introduction, a low abundant form of Nfs1 in the nucleus may be targeted by a nuclear localization sequence (NLS) (6, 9) . To characterize the Nfs1 distribution mechanism, one of our first efforts was to identify its exact MTS and determine the MPP-cleavage site at the N terminus of Nfs1. Nfs1 fused to a six-histidine tag was purified from a wild-type (WT) yeast strain and was subjected to Edman degradation analysis. The N-terminal sequence detected was PAAGVKLDD, indicating that Nfs1 is cleaved between two proline residues at positions 36 and 37 (Fig. 1A) .
The detected cleavage site according to this Edman degradation analysis was unexpected, because typical MPP cleavage sites usually include arginine residues at one or more of the positions Ϫ2, Ϫ3, and/or Ϫ10 relative to the cleavage site (19, 20) . In fact, cleavage between phenylalanine 33 and tyrosine 34 would place arginines at positions Ϫ2 and Ϫ3 relative to this site according to the MPP preferences, referred to above (see highlighted arginines at positions Ϫ2 and Ϫ3 relative to this cleavage site in Fig. 1A ). Another prediction based on the bioinformatic MitoProtII program (21, 22) , places the cleavage site for yeast Nfs1 between tyrosine 34 and serine 35 (arginines would be at positions Ϫ2 and Ϫ10 relative to this cleavage site).
Thus, we hypothesized the existence of an additional proteolytic step (besides that performed by MPP), which cleaves Nfs1 immediately downstream of the predicted MPP cleavage site. This could result in the N-terminal sequence detected by Edman degradation of Nfs1 (between proline 36 and proline 37). We screened yeast databases (Saccharomyces Genome Database and Yeast Proteome Database) for known and putative mitochondrial proteases. We were particularly interested in enzymes with aminopeptidase activity, that could theoretically remove between two and three amino acids. Among the candidate enzymes we found a group of putative Xaa-Pro aminopeptidases that presumably remove Xaa-Pro from the N terminus of substrate proteins. Only one putative Xaa-Pro aminopeptidase, Icp55 (YER078c), was predicted to be localized in the mitochondria according to the databases.
To directly examine if Nfs1 is a substrate of Icp55, Western blot analysis was performed on extracts of yeast cells harboring a deletion of the ICP55 gene (⌬icp55) in comparison with WT strains. Nfs1, from the ⌬icp55 strain exhibited a slightly slower migrating band, indicating a higher molecular weight than the corresponding protein band from WT strains (Fig. 1B) . Edman degradation analysis performed on Nfs1 purified from the knockout strain, ⌬icp55, detected three additional amino acids, YSP, at the N terminus of Nfs1 (Fig. 1A) . Thus, Nfs1 is subjected to two steps of processing: first by MPP, which cleaves the precursor between phenylalanine 33 (Phe-33) and tyrosine 34 (Tyr-34), and second by a newly discovered processing enzyme, Icp55, which cleaves between proline 36 (Pro-36) and proline 37 (Pro-37) removing three amino acids residues (YSP).
To investigate the properties of the novel peptidase, we first examined whether Icp55 can cleave the full-length Nfs1 precursor (i.e. the unprocessed form). A mutant MPP recognition sequence was constructed by replacing the two arginine codons at positions Ϫ2 and Ϫ3, which are expected to prevent cleavage by MPP (Fig. 1C , UP, unprocessed). As anticipated, the mutant protein migrated on SDS-PAGE according to a molecular weight of the Nfs1 precursor (Fig. 1D, compare lanes 2 and 3) . This indicates that, in the absence of Nfs1 processing by MPP, the Nfs1 precursor is not cleaved by Icp55, because we can only detect the full-length Nfs1 precursor. Thus, Icp55 is in fact a mitochondrial processing enzyme whose recognition sequence is exposed only after removal of the MTS by MPP.
To gain insight into the requirements for Icp55 processing we changed the amino acid sequence in the vicinity of the Icp55 cleavage site. Each mutant protein was subjected to Edman degradation following expression in both the WT strain (expressing endogenous Icp55) and in the chromosomal knockout strain, ⌬icp55 (Fig. 1C) . Only in one case, replacement of two prolines (Pro-36 and Pro-37) by two aspartates, was the cleavage prevented by Icp55. These two prolines seem to be of importance for the Icp55 cleavage reaction, because the replacement of a single proline changed the specificity to a new cleavage site without eliminating the cleavage reaction per se (Fig.  1C) . Replacement of the first proline (Pro-36) by alanine moved the cleavage site between Tyr-34 and Ser-35, whereas exchange of the second (Pro-37) by alanine moved the cleavage between residue Ser-35 and Pro-36 (Fig. 1C) . Another residue that we thought may be of importance is the N-terminal tyrosine exposed by MPP cleavage. Replacement of Tyr-34 by a phenylalanine had no effect on Icp55 cleavage between the prolines (Pro-36 and Pro-37) while its exchange by leucine brought about incomplete cleavage at the same site. Possibly an aromatic residue at this position may be of significance. Replacement of Ser-35 by alanine did not prevent cleavage but also moved the cleavage site between Tyr-34 and Ala-35 (Fig. 1C) . These data clearly show that changing amino acids in the vicinity of the cleavage site affect cleavage efficiency and/or the specific site cleaved. The specificity of Icp55 cleavage remains to be identified.
Detection of Nfs1 in Mitochondria and the Nucleus, but Not in the Cytosol-There are a number of studies that suggest a nuclear function for yeast Nfs1 (5-7), however, due to the minute amounts of the protein in the nuclear fraction these data are indirect. The difficulty in detection prompted us to employ our ␣-complementation assay, which has been previously shown to be a sensitive in vivo approach for detecting eclipsed distributed proteins (1, 16) . The ␣-complementation is based on the ability of two artificially expressed peptide fragments of Escherichia coli ␤-galactosidase (designated ␣ 77 amino acids and 993 amino acids) to assemble in vivo into an enzymatically active complex only when present in the same compartment (16) (Fig. 2A) . We fused the ␣ fragment of ␤-galactosidase to the C terminus of Nfs1 (Nfs1-␣) and expressed this fusion protein in yeast, whereas the polypeptide was expressed either in the cytosol ( c ), mitochondria ( m ), or nucleus ( NLS ). Although c and m have been described previously (16), NLS is described for the first time here as a way to get an indication of nuclear localization. To create NLS , we attached the NLS of SV-40 T-Antigen (PKKKRKV) (17) to the C terminus of the fragment. We have performed subcellular fractionation and can show that the NLS fusion protein exhibits a significant presence in the nucleus (data not shown).
The first step in using the Nfs1-␣ fusion protein for analysis of Nfs1 distribution was to show that the apparent characteristics of the fusion protein are identical to those of the wild-type protein. Described below are the fusion protein's enzymatic activity in vivo (Fig. 2B) , subcellular distribution (Fig. 2C) , and processing in mitochondria (Fig. 3A) . The Nfs1-␣ fusion protein can complement the Nfs1 activity in the Tet-NFS1 strain (Fig. 2B) . This yeast strain contains a Tet-off promoter upstream of the endogenous NFS1 gene and can be repressed by adding tetracycline to the medium (14) . The Tet-NFS1 strain expressing an empty vector does not grow on YPD plates containing tetracycline, whereas the same strain expressing the fusion protein (Nfs1-␣) readily grows on the same media (Fig.  2B) . Subcellular fractionation experiments reveal that the majority of the Nfs1-␣ molecules are found in the mitochondrial fraction (Fig. 2C) , a pattern that is reminiscent of the Nfs1 wild-type protein (Fig. 2C, top) . The quality of each fractionation was monitored with antibodies against mitochondrial (Aco1) and cytosolic (hexokinase 1 (HxK1)) markers (Fig. 2C) . In addition, Nfs1-␣ is processed in the mitochondria efficiently, as will be described in the next section (Fig. 3A) . Hence, we conclude that Nfs1-␣ exhibits the same subcellular distribution as wild-type Nfs1.
To examine the subcellular localization of the Nfs1-␣ fusion protein using the ␣-complementation assay, plasmids encoding Nfs1-␣ together with a cytosolic, mitochondrial, or nuclear localized fragments ( m , c , and NLS , respectively) were simultaneously coexpressed in yeast WT cells. When these cells were grown on agar plates containing the X-gal indicator and galactose as the carbon source, blue colonies were obtained for cells coexpressing Nfs1-␣ either with m or with NLS , but not with the c fragment (Fig. 2D) . These results indicate that a subpopulation of the Nfs1-␣ molecules is located in the nucleus and in fact no Nfs1-␣ is present in the cytosol (Fig. 2D) , providing direct evidence for the dual distribution of this protein. As a negative control, we show that an exclusive mitochondrial protein fused to the ␣ fragment of Kgd2-␣ (dihydrolipoyl transsuccinylase, a component of the mitochondrial ␣-ketoglutarate dehydrogenase complex), produces non-colored colonies when coexpressed with NLS or with c (Fig. 2D) . The ␣-fragment itself, however, when attached to NLS as a positive control, produces blue colonies exclusively when coexpressed with the nuclear fragment (Fig. 2D) . The cytosolic control HxK1-␣ fusion protein (HxK1 fused to ␣) produces blue colonies when coexpressed not only with c but also with NLS . This result is due to incomplete localization of NLS to the nucleus, and a subfraction of it remains in the cytosol. As a consequence, blue colonies appear for cells coexpressing NLS and any cytosolic Gray and black boxes represent the MTS and mature sequences, respectively, curved arrows represent the potential translation initiation sites. Nfs1-M85L mutant protein contains a missense mutation in which Met-85 was changed to Leu. Nfs1-Shift has an additional nucleotide (C) inserted between the first and second AUG that causes early termination of translation starting from the first AUG. C, the Tet-NFS1 strain expressing the various Nfs1 mutant proteins were examined for growth on YPD plates in the presence or absence of tetracycline (Tet). D, Western blot analysis of the Tet-NFS1 strain expressing the mutant proteins above. The cells were grown on galactose media containing tetracycline for 8 h. Hsp60 antibody was used to control equivalent loading.
protein fused to the ␣ fragment. In this regard, because Nfs1-␣ is not a cytosolic protein (white colonies with c ), blue colonies with NLS obviously detect the nuclear localization of the protein.
In support of this analysis a Nfs1-␣ mutant, lacking the MTS (⌬MTS-Nfs1-␣), as expected, appears to be located in the nucleus but not in mitochondria. Surprisingly, ⌬MTS-Nfs1-␣ appeared to also be in the cytosol, suggesting that the nuclear import of ⌬MTS-Nfs1-␣ is somehow saturated, which in turn may suggest the participation of currently unknown factors in this process.
In addition, we mutated the NLS sequence of Nfs1-␣ similarly (not identically) to that described by Nakai and coworkers (6) from RRRPR to GGGSR (designated Nfs1-mutNLS-␣), which prevents the targeting of the protein to the nucleus. As shown in Fig. 2C mutant Nfs1-mutNLS-␣ is exclusively located in mitochondria and is absent from the nucleus and cytosol (Fig. 2D) . Thus, we conclude that Nfs1 is dual targeted between the mitochondria and nucleus, and it appears that both the NLS and the MTS are required for this dual localization.
Yeast Nfs1 Is a Dual Localized, Single Translation ProductThere are various mechanisms by which the same protein can be localized to more than one subcellular compartment. In one possible mechanism two translation products are made, one harboring and one lacking a targeting signal (23, 24 ). An alternative dual targeting mechanism involves a single translation product which, nevertheless, distributes between two compartments. To detect the Nfs1 precursor(s) in comparison to the mature protein, we performed metabolic labeling of yeast cells in which import of proteins was blocked by the membrane potential uncoupler CCCP. If there are two Nfs1 translation products, we should expect two bands when the import to the mitochondria is blocked by CCCP, corresponding to an MTS containing precursor and a mature form, lacking the MTS (higher and lower molecular weights, respectively). However, in the presence of CCCP only the precursor (p) form of the protein appeared for both Nfs1 and Nfs1-␣ (Fig. 3A, compare lanes 1 to  2 and 3 to 4) , which is consistent with a single Nfs1 gene product. This obviously does not rule out the possibility that a second translation product (nuclear derivative) is not detected, because it is made in minute amounts.
To address this question of a low abundance single translation product we generated a NFS1 mutant in which the second AUG, the only alternative in-frame initiation codon, was mutated to UUG (changing the methionine codon 85 to leucine, Nfs1-M85L, Fig. 3B ). As shown in Fig. 3C , the Nfs1-M85L mutant protein readily grows on tetracycline-containing YPD plates like the wild-type Nfs1 (compare seventh and eighth rows), indicating that the single translation product (starting at the first AUG) is giving rise to both the mitochondrial and the nuclear protein. As a control we created a frameshift mutation (nucleotide insertion of C) between the first and the second AUGs, preventing meaningful translation from the first AUG of NFS1, but this should not effect translation from the second AUG (Met-85, Fig. 3B ). This Nfs1-Shift mutant as expected could not grow in the presence of tetracycline (Fig. 3C , ninth row) due to the absence of mitochondrial Nfs1. However, if translation initiation from the second AUG (Met-85), enabling nuclear Nfs1 targeting, actually exists in vivo, one should be able to fully complement this activity with exclusive mitochondrial Nfs1. To address this question we used the exclusive mitochondrial Nfs1-mutNLS mutant as described earlier. Cells harboring plasmids encoding both the mitochondrial (Nfs1-mutNLS) and nuclear (⌬MTS-Nfs1)-targeted versions can in fact grow on tetracycline plates (Fig. 3C, right panel fifth row) . However, strains co-expressing Nfs1-shift and Nfs1-mutNLS could not grow on tetracycline plates (Fig. 3C ), indicating that Nfs1 is not translated from the second AUG and thus cannot complement the Nfs1 nuclear function. Consistently, no expression of Nfs1-shift was detected by Western blot (Fig. 3D , fourth lane). These results suggest that yeast NFS1 encodes a single, full-length translation product, which distributes between the mitochondria and nucleus.
Nuclear Nfs1 Is Processed by MPP-What is the mechanism by which the single Nfs1 translation product is dual localized in yeast? Two scenarios are possible: First, the precursor may be efficiently targeted to mitochondria, but a small fraction of molecules could, after being processed by MPP, move back by reverse translocation into the cytosol. In this case the nuclear protein should be processed, thus lacking the MTS. Such a mechanism resembles the previously described dual localization of fumarase and aconitase in yeast (1, (23) (24) (25) (26) (27) (28) . In the second scenario, some precursor Nfs1 molecules never reach the mitochondria and are directly targeted from the cytosol to the nucleus (2, 5) . A somewhat similar mechanism has been described for the protein Adk1 in its distribution between the cytosol and mitochondria (29) . The nuclear fraction according to this mechanism should contain the full-length Nfs1 precursor, including the MTS. To distinguish between these possibilities, we asked whether the precursor of Nfs1 can be functional in the nucleus. As described in the previous sections we have mutated the Nfs1 MPP cleavage site (Fig. 1A) , which results in the expression of an unprocessed form of Nfs1 (Nfs1-UP). As shown in Fig. 1D , the processing of Nfs1-UP-␣ was examined by metabolic labeling in the presence (ϩ) or absence (Ϫ) of CCCP. For Nfs1-UP we detected identical precursor size bands in the presence and absence of the uncoupler (see differences in size for Nfs1-␣ and no change for the Nfs1-UP-␣ mutant).
The activity of the Nfs1-UP mutant protein in vivo was analyzed in the conditional yeast Tet-NFS1 strain. This strain expressing the Nfs1-UP mutant protein did not show growth in the presence of tetracycline (Fig. 4, right panel) . To examine whether the Nfs1-UP mutant is inactive in the nucleus, we used the Nfs1-mutNLS. We found that Nfs1-UP cannot complement Nfs1-mutNLS for growth of the Tet-NFS1 strain (Fig. 4,  left panel last row) , indicating that the Nfs1-UP mutant protein is inactive in the nucleus. Based on these findings we propose that Nfs1 needs to be processed by MPP to be functional in the nucleus. These data support a mechanism that involves reverse translocation of processed Nfs1, i.e. the retrograde movement of Nfs1 (first scenario above).
To gain additional support for the notion that the Nfs1 nuclear form is processed, a WT culture overexpressing Nfs1-␣ under the GAL10 promoter was subjected to a nuclear subcellular fractionation experiment. The nuclear fraction (N) was concentrated 24-fold more than the total cell extract (T), and aliquots were analyzed by Western blotting. The quality of the fractionation was monitored by antibodies against nuclear (histone acetyl H4), mitochondrial (Hsp60, Fumarase), and cytosolic (Hexokinase1, Fumarase) markers (Fig. 5) . Nuclear Nfs1-␣ displays an apparent molecular weight that is indistinguishable from the mature mitochondrial form detected in the total cell extract and markedly differs from the precursor size (Fig. 5 , compare the Nfs1-␣ in the first and second lanes to the third and fourth lanes). Taken together, these results strongly support a mechanism in which the nuclear Nfs1 is partially translocated into mitochondria (N terminus), and, after processing by MPP, undergoes a retrograde movement back into the cytosol and then the nucleus.
Icp55-␣ Distributes Like Its Substrate, Nfs1, between Mitochondria and the Nucleus-In this study we have shown that the protein Nfs1 is dual localized and that it is a substrate of a novel processing enzyme, Icp55. We asked whether Icp55 is also dual localized to the mitochondria and nucleus like its substrate, Nfs1. Again, our ␣-complementation assay was employed and blue colonies appeared only when Icp55-␣ was co-expressed with mitochondrial or nuclear localized fragments but not with the cytosolic fragment (Fig. 6A, top row) . This distribution pattern resembles the pattern of Nfs1-␣. The Icp55 sequence was scanned for potential nuclear localization signals. Because we did not find any consensus sequence similar to that of T-antigen NLS or the bipartite NLS of the nucleoplasmin (30, 31), we searched for regions enriched in positively charged amino residues (32) . As shown in Fig. 6B , a region of positively charged amino acid residues (underlined and enlarged in Fig. 6B ) was detected and subsequently deleted (42 amino acids between Lys-234 and Arg-276), creating a mutant that presumably lacks a putative NLS (Icp55-⌬NLS-␣). This mutant was also subjected to the ␣-complementation assay and, in contrast to the wild type Icp55, it exhibited a blue colony phenotype only when expressed with the mitochondrial fragment and not when expressed with the nuclear fragment (Fig.  6B, lower row) . These results indicate that the Icp55 "NLS" mutant was not targeted to the nucleus and, furthermore, supports the notion that Icp55 is also a dual distributed protein between mitochondria and nucleus. Thus, cleavage of the three residues YSP might occur in the nucleus.
DISCUSSION
In this study we provide insight into the distribution process of the yeast enzyme Nfs1 between mitochondria and the nucleus. Previously, Nakai and co-workers showed evidence that suggested that Nfs1 is also localized to the nucleus based on an NLS-like sequence they detected. Here, we present physical evidence for Nfs1 dual localization. First, we demonstrate that Nfs1-␣ is associated with fragment both in the nucleus and in the mitochondria, but not in the cytosol. Mutations in the NLS sequence eliminate the association of the two fragments, ␣ and , in the nucleus. In addition, subcellular fractionation clearly detects overproduced Nfs1 in the nucleus. This enzyme is, in fact, dual localized in an "eclipsed" distribution pattern with the majority of the protein in mitochondria and a minute amount in the nucleus.
With respect to the mechanism of Nfs1 distribution, the results presented in this study are consistent with a single translation product of this protein giving rise to both localizations: (i) elimination of the second potential translation initiation codon (Nfs1-M85L) exhibited full functional complementation; (ii) a frameshift mutation between the first AUG (translation initiation codon) and the second AUG (Nfs1-shift) did not provide a functional nuclear Nfs1; (iii) only one protein species corresponding to the precursor was detected when processing by MPP was prevented and only the mature protein was detected (also in the nucleus) when processing was permitted; and (iv) the NFS1 gene in many eukaryotes does not contain any alter- native start codons at the N terminus, which may encode alternative functional Nfs1 derivatives (5) . In contrast, the human nuclear form of Nfs1 was suggested to be produced by alternative translation initiation (11) . Our results suggest that a single Nfs1 translation product is generated in yeast, which is then distributed between the mitochondria and nucleus.
What is the precise mechanism of Nfs1 targeting and subcellular distribution? Our data show that nuclear Nfs1 depends on MPP processing for function and, hence, suggest that this isoform may first be translocated into mitochondrial matrix before its targeting and import into the nucleus guided by the internal NLS. There is no evidence for an export mechanism of matrix-located proteins out of the organelle. One possible mechanism, that could explain the data, involves reverse translocation and was first described for the tricarboxylic acid cycle enzyme, fumarase (18, 25, 27, 28, 33) . According to this mechanism the extramitochondrial localization is achieved by retrograde movement of processed protein (MTS removed by MPP) through the TOM and TIM23 translocation channels back to the cytosol during translocation. This mechanism involves only partial import of the N terminus of the protein into the mitochondrial matrix prior to reverse translocation. Nuclear localization of Nfs1 involving reverse translocation is supported by several findings indicating that this isoform was produced as a precursor with an MTS, which then was removed as follows. (i) Unprocessed Nfs1 cannot complement nuclear activity in a strain depleted for Nfs1, whereas a version of the protein lacking the MTS can complement the Nfs1 nuclear function. This rules out the possibility that Nfs1 that is not initially targeted to the mitochondria as a precursor is functional in the nucleus. (ii) The mitochondrial and nuclear Nfs1 isoforms are generated from one single product (see above). (iii) Subcellular fractionation detects nuclear Nfs1 at a molecular weight precisely corresponding to the mature protein. Thus, removal of the MTS by MPP from the Nfs1 single translation product requires at least partial translocation of the N terminus into mitochondria. Moreover, following a block in mitochondrial protein import (by CCCP), we can only detect the precursor form of Nfs1, which indicates there is no other processing enzyme outside mitochondria, which can remove the MTS from the nuclear Nfs1. Because there is no evidence for export of proteins out of mitochondrial matrix (as mentioned earlier), the only known mechanism that can enable mitochondrially processed proteins to leave mitochondria is reverse translocation of a translocation intermediate spanning both import channels. According to this mechanism all of the Nfs1 precursor molecules are first partially targeted to the mitochondria and, after removal of the MTS by MPP, a small fraction still spanning the membranes moves back and is then targeted to the nucleus. We currently do not know the driving force for reverse translocation of Nfs1 back through the mitochondrial membranes. This could be, among other possibilities, the specific folding traits of the protein that block forward movement as in the case of fumarase (26, 27) or the specific N-terminal amino acid sequence of Nfs1 that causes inefficient binding between the motor mtHsp70 and the mature Nfs1, allowing a "slippage" of some of the protein molecules back into the cytosol.
A second topic of our study is the description of the novel mitochondrial processing enzyme, Icp55. We show that Nfs1 undergoes a two-step processing in the mitochondrial matrix; by MPP and then by a new peptidase, Icp55, which removes three amino acids, YSP from Nfs1 after MPP cleavage. Known processing peptidases in mitochondria include the following: (i) MPP, mentioned above, which is a conserved hetero-dimeric metallopeptidase that cleaves off sorting sequences in the matrix space (34); (ii) the MIP, which is a monomeric metallopeptidase that removes an octapeptide from preproteins after their processing by MPP (34); (iii) the inner membrane peptidase is a heterotrimeric complex that is located within the inner membrane (34) and cleaves several nuclearly encoded proteins in the intermembrane space after they have first been cleaved by MPP in the matrix (34); and (iv) a number of proteases, including AAA proteases, Rhomboid protease Pcp1, and the metalloprotease Atp23 that perform specific processing events (34) . The physiological role of the different processing enzymes is not always understood; however, severe phenotypes upon gene inactivation suggest that they have important functions. Icp55 joins this important list of processing peptidases.
Based on domain homology, Icp55 was suspected to be an X-Pro aminopeptidase (EC 3.4.11.9), which catalyzes the release of any N-terminal amino acid that is linked with proline (NCBI, Conserved Domain Data base, CDD family no. cd01085). This description does not fit the observed Icp55 cleavage reactions for both the Nfs1 wild-type and mutant N termini as determined by sequential Edman degradation. Although proline appeared to be important for the overall processing reaction, this residue does not have to be located at the ϩ2 position (relative to the MPP cleavage site) as would be expected for an X-Pro aminopeptidase. The prolines in Nfs1 are located further in, at positions ϩ3 and/or ϩ4. Furthermore, exchange of only one of these prolines did not fully abolish cleavage. In this regard, Icp55 exhibits similar characteristics to the other mitochondrial processing peptidases referred to above suggesting that this peptidase exhibits rather low sequence specificity. Moreover, our data show that Icp55 can cleave Nfs1 only after MPP processing has occurred, similarly to MIP and inner membrane peptidase. What is the physiological importance of cleavage by Icp55? Cleavage by Icp55 can change the N-terminal amino acid, which for example can affect the characteristics of the protein and/or its stability. For Nfs1 cleavage by MPP exposes Tyr at the N terminus, whereas the secondary cleavage by Icp55 exposes Pro at the N terminus. We assume that Icp55 has additional substrates in the mitochondria and the nucleus besides Nfs1 and may have a wide range of effects under specific conditions.
The ␣-complementation assay in combination with a preliminary mutational analysis intriguingly suggest that Icp55 may also be a dual distributed protein located in the same compartments as its Nfs1 substrate, the mitochondria, and nucleus. Whether Icp55 processes Nfs1 before it moves back into the cytosol or whether processing by Icp55 occurs in the nucleus remains to be determined. At present due to the low levels of nuclear Nfs1 it is impossible to subject nuclear Nfs1 to standard biochemical analysis. Whether these preliminary findings define a general concept of protein targeting, in that combinations of proteins that interact with one another are identically dual targeted to the same organelles, remains to be explored.
